Introduction
Polymer electrolyte fuel cells (PEFCs) produce electricity by reacting electrochemically hydrogen and oxygen gas at the anode and cathode, respectively. They are clean and highly efficient energy sources without emission of global warming CO2 gas. PEFCs are operated at low temperatures in the range of room temperature to 80 , and are thereby suitable for electric power sources in small-scale stationary co-generation systems and in electric motor-driven vehicles (so-called the fuel cell vehicles (FCVs)). In Japan, 1 kW-class stationary co-generation systems (called ENE-FARM) have been already commercialized since 2009, and quite recently Japanese motor companies announced that they are planning to commercialize FCVs in FY2014.
In PEFCs, platinum is used as catalysts for both the anode and the cathode. Though hydrogen oxidation reaction (HOR) at the anode is facile, oxygen reduction reaction (ORR) at the cathode is a slow reacti on. Therefore a large amount of Pt is currently used at the cathode (typically, 0.5 mg cm -2 ). The natural resource of Pt is extremely small (probable reserve: 70,000 tons) and the price of Pt is very expensive ( 5000 Yen g -1 in Apr. 2014). If we continue to use Pt catalyst at the present level, the scarcity of Pt as well as its high cost will disturb the world-wide spread of FCVs in the near future. Therefore a drastic reduction of Pt usage at the cathode by improving the ORR activity of the Pt catalyst is one of the most important issues in the development of FCVs 1) . There have been several methods to improve the ORR activity of Pt catalysts, which include Pt _ M (M: 3d transition metals such as Co, Ni, Cu, etc.) alloy catalysts 2) 5) and core-shell structured catalysts in which Pt monolayer (ML) is formed on non-Pt metal core nanoparticles 6) 8) . We have so far developed PtML core-shell catalysts using Au and Pd core materials in a research project supported by New Energy and Industrial Technology Development Organization (NEDO), Japan with 11 academic and industrial institutions since FY2008 9) 13)
. Here we first review the concept and characteristics of PtML core-shell catalysts. We overview a novel preparation method of PtML coreshell catalysts that is suitable for mass production developed by us, and the results on the activity and durability of the resulting core-shell catalysts. On the basis of these results, the potentials and difficulties of the Polymer electrolyte fuel cells (PEFCs) are clean and highly efficient energy sources without emission of global warming CO2 gas, and have been developed as electric power sources in fuel cell vehicles (FCVs). One of the most important issues in the development of PEFCs is currently a drastic reduction of Pt usage by an improvement in the activity for oxygen reduction reaction at the Pt cathode catalyst. To improve the activity of the Pt catalyst, we have so far developed core-shell catalysts using Pt monolayer shell covered on Au or Pd core materials. In this review article, a novel preparation method for Pt monolayer formation on non-Pt core nanoparticles that is suitable for mass production of the core-shell catalysts, and the results on the activity and durability of the resulting core-shell catalysts are overviewed. The potentials and difficulties of the core-shell catalysts for use in practical FCVs are discussed.
core-shell catalysts for use in practical FCVs are discussed.
Concept and Characteristics of Pt Core-shell Catalysts
Commercially available state-of-art Pt catalysts employ Pt nanoparticles (ca. 3 nm in diameter), which are supported on high surface area carbon particles ( 50 nm) such as Ketjen Black to increase the surface to volume ratio as much as possible and thus to improve the catalytic activity per the mass of Pt. However, even for such a small nanoparticle (3 nm), only 50 % of the Pt atoms are on the surface, that is, the utilization of Pt atoms is ca. 50 %. Figure 1 shows the concept of a PtML core-shell particle, in which a core particle made of a non-Pt material (X) is covered with a PtML shell. The most important feature of PtML core-shell catalysts is that all Pt atoms exist on the surface of the core particle. Hence the utilization of Pt increases drastically (theoretically 100 %), which improves the activity per the mass of Pt.
Another important feature of the core-shell catalysts is an enhancement of the activity by choosing an appropriate core material. The reaction scheme for ORR at Pt catalyst is shown in Fig. 2 . The ORR activity of PtML increased in the order: PtML/Ru(0001) PtML/ Ir(111) PtML/Rh(111) PtML/Au(111) Pt(111) PtML/Pd(111). The atomic radius increases from Ru (0.134 nm) to Au (0.144 nm), while that of Pt is 0.139 nm. The shorter atomic radii from Ru to Pd (0.137 nm) give a compressive strain to the Pt _ Pt bond in PtML, while the longer radius of Au gives a tensile strain. As mentioned above, oxygen molecules are dissociatively adsorbed on Pt catalyst surface as the first elementary step in ORR. The adsorption of O2 molecules is needed to initiate ORR, but too strong adsorption slows down the rate of the following steps in ORR and enhances the formation of the Pt _ O species (hydroxides and oxides) that hinder the dissociative adsorption of oxygen molecules. The strength of O2 adsorption is hence an important factor for the ORR kinetics and is known to be sensitive to a slight change in the Pt _ Pt bond length. The highest activity of PtML/ Pd(111) has been considered to be resulted from a slightly compressive strain of the Pt _ Pt bond, which preferably accelerates the dissociative adsorption of O2 molecules on the Pt surface and enhanced the ORR activity (called the strain effect). Similar enhancement effects were also reported for PtML/Pd/C core-shell particles 8) . The enhancement effect of the Pd cores has been also explained in terms of a change in the electronic state, called the d-band center (called the ligand effect) 8) .
Novel Preparation Method of PtML Core-shell Catalysts for Mass Production
An electrochemical technique utilizing the underpotential deposition (UPD) of Cu atoms, called the Cu-UPD method, has been used to form PtML on non-Pt core nanoparticles for the preparation of core-shell catalysts 6),7), 14) . For example, when Pd nanoparticles supported on carbon (Pd/C) are used as a core material, a small amount of the Pd/C particles are loaded on a plate or disk electrode (e.g., glassy carbon). The modified electrode is then immersed in an acidic solution containing Cu , by which a monolayer of Cu is deposited and covers the Pd core particle by the electrochemical UPD phenomenon. The electrode is rinsed with water, and then is immersed in another solution containing Pt 2 ions (e.g., K2PtCl4). The Cu atoms on the Pd core particles are spontaneously replaced with Pt atoms by a galvanostatic displacement reaction (Eq. (4)) and PtML/Pd/C coreshell catalyst is obtained.
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We have so far prepared several kinds of PtML coreshell catalysts using the Cu-UPD method, and have demonstrated that they have high activity for ORR 9), 10) . The Cu-UPD method is thus a nice technique that gives PtML selectively on core particles. However, the conventional Cu-UPD method needs precise control of the electrode potential using an electrochemical device (called the potentiostat). In addition, the amount of the core-shell catalysts obtained by this method is extremely low (several tens of micrograms), which is not suitable for mass production.
We developed a modified version of the Cu-UPD method (called the modified Cu-UPD method) that can be easily scaled-up and is hence suitable for mass production 15), 16) . Figure 3 shows the scheme for the modified Cu-UPD method. Pd/C core particles are suspended in an acidic solution containing CuSO4, and a Cu mesh is immersed in the solution. The suspension is deaerated by Ar bubbling and stirred vigorously without any potential control of the Cu mesh. When Pd/C particles are in contact with the Cu mesh in the suspension, the equilibrium potential of Cu 2 /Cu ( 0.3 V) is applied to the particles, by which CuML is formed on each particle by the UPD of Cu. After CuML is completely covered with the surface of the Pd nanoparticles in less than 1 h, and the Cu mesh is removed from the solution. K2PtCl4 as a Pt source is then added in the solution, PtML is formed on the Pd nanoparticles according to the galvanostatic displacement reaction (Eq. (4)). This modified method does not need any electrochemical devices and a large amount of the catalysts can be obtained at a time, and therefore is a suitable method for mass production. The technique of the modified Cu-UPD method was transferred to a catalyst manufacturer in the NEDO project in 2013. Our goal for the mass production of the core-shell catalysts is 100 g/batch at the end of FY2014, while we have scaled up to 50 g/batch so far.
ORR Activity and Durability of Core-shell Catalysts

1. PtML/Au/C Core-shell Catalysts
Au nanoparticles were prepared using dodecanetiol (DDT) as a stabilizer 10) . The Au nanoparticles were supported on Ketjen Black (Au/C, Au particle size: 2.8 nm, Au loading: 30 %), and used as a core material, and PtML/Au/C catalyst was prepared using the modified Cu-UPD method 10) . The activity of the catalyst was measured using the rotating disk electrode method at 25 in oxygen-saturated aqueous 0.1 M HClO4 solution (1 M 1 mol L -1 ) 9),10)
. Table 1 summarizes the area-specific activity (μA cm 2 -Pt) and mass activity (A g -1 -Pt) at 0.9 V versus RHE. Here the surface area of Pt, called the electrochemical surface area (ECSA), is evaluated from the electricity (C) used for electrodesorption of atomic hydrogen on Pt observed on a cyclic voltammogram of the catalyst in argon-saturated 0.1 M HClO4 using the reported value of 210 μC cm -2 9), 10) . The area-specific activity and the mass activity of the PtML/Au/C were 2.3 and 1.5 times, respectively, higher than those of a commercially available Pt/C catalyst (Tanaka Kikinzoku Kogyo, TEC10E50E, Pt particle size: 2.8 nm, Pt loading: 50 %). As mentioned earlier, Adzic et al. reported that the area-specific activity for ORR of PtML formed on Au(111) was much lower than that formed on Pt(111) 7) . The change in ORR activity of PtML core-shell catalysts has been explained using the strain effect between the PtML shell and the core material underneath 6), 7) . The enhanced area-specific activity obtained for our PtML/ Au/C suggests that the strain of the Pt _ Pt bonds in the PtML shell of PtML/Au/C is different from that of PtML/ Au(111). As mentioned earlier, the tensile strain to the Pt _ Pt bonds in PtML/Au(111) owing to the larger Au atomic radius is the reason for the poor catalytic activity for ORR. However, extended X-ray absorption fine structure (EXAFS) analysis of our PtML/Au/C catalyst (not shown) revealed that the Au _ Au bond length in the Au core particles was shorter than that of bulk Au, and decreased with a drop in the size of Au nanoparticles. Therefore the shorter Au _ Au bond length caused a slightly compressive strain to the Pt _ Pt bond in PtML/ Au/C, which resulted in the enhanced ORR activity. Recently M. Shao measured the ORR activity of Pt/Au/ C core-shell catalysts of different Au core sizes, and observed similar enhanced activity of PtML/Au/C 17) . Durability of the catalyst is another important factor for practical use in FCVs. Degradation of Pt/C catalyst in PEFCs has been intensively studied so far 18) . The most common degradation mode of Pt/C at the cathode is a gradual loss of the surface area of Pt catalyst particles, which is caused mainly by dissolution and re-precipitation of the catalyst nanoparticles (the Ostwald ripening) during operation. The Ostwald ripening is accelerated by rapid potential changes of the cathode, which are encountered in frequent load variations in the operating conditions of FCVs. Hence potential cycling, typically between 0.6 V and 1.0 V that correspond to the full acceleration and idling conditions, respectively, in FCVs, is employed as an accelerated degradation test (ADT) for the cathode catalyst.
The durability of the PtML/Au/C catalyst was evaluated by ADT using rectangular waves between 0.6 V (3 s) and 1.0 V (3 s) at 60 in Ar-saturated 0.1 M HClO4. The variation of the ECSA of PtML/Au/C during 10,000 cycles of ADT is compared with that of commercially available Pt/C in Fig. 4 . The ECSA was determined from the electricity of the desorption peak of atomic hydrogen on Pt in CV as mentioned earlier, and hence is a measure of the amount of Pt atoms that remain on the catalyst surface in the case of PtML/Au/C. The ECSA of PtML/Au/C decreased by 50 % after 3000 cycles, which was faster than that of Pt/C. Figure 5 shows transmission electron microscope (TEM) images of PtML/Au/C before and after ADT 10) . No appreciable changes were observed for the morphology and the particle size of PtML/Au/C catalyst after 10,000 cycles. In addition, X-ray fluorescence (XRF) analyses revealed almost no changes in the Pt/Au ratio of the catalyst particles after ADT 10) . Figure 6 shows transmission electron microscope-energy dispersive X-ray fluorescence spectrometer (TEM-EDX) line analysis of the catalyst particles before and after ADT. Before ADT, the content of Pt is high at the peripheral of the particle, w h i c h i s c h a r a c t e r i s t i c o f c o r e -s h e l l c a t a l y s t . However, Pt and Au atoms were completely mixed in the catalyst particle after ADT. Therefore the drastic decrease in ECSA observed in the ADT test is attributed to the dissolution of the Pt atoms at the shell into the Au core.
The phase diagram of Au _ Pt binary alloy shows that the solubility of Pt in Au is about 10-15 at.% at temperatures lower than 100 , whereas the Pt atoms were completely dissolved into the Au core for the PtML/Au/ C catalyst. This fact implies that the solubility of binary alloy nanoparticles is different from that of bulk. Recent calculation results have suggested that the formation of solid-solution is thermodynamically stable over the whole composition range for Au _ Pt binary alloy nanoparticles with a diameter less than 6 nm 19), 20) , which support our experimental results.
In order to suppress the dissolution of Pt atoms into the Au core, we have developed two methods for mitigation. The first one is to use Au _ Pt alloy core (PtML/ Au _ Pt/C, Au : Pt 84 : 16) 21) . This is simply to suppress the Pt dissolution assuming the presence of the solubility limit of Pt in Au. The other one is to add Ru atoms in the Pt shell (Pt _ RuML/Au/C, Pt : Ru 90 : 10) 22) . This method utilizes the facts that Ru does not mix with Au at all and Pt favors Ru more than Au, which have been suggested by thermodynamic calculation 23) . The variations of ECSA of these two types of core-shell catalysts are summarized in Fig. 4 . Both catalysts showed improved durability. Especially the presence of only 10 % of Ru at the shell was surprisingly effective, and the ECSA of Pt _ RuML/Au/C decreased by only 12 % after 10,000 cycles. Unfortunately the mass activities of both catalysts were lower than that of PtML/Au/C and Pt/C. The low activity is probably due to an increase in the number of Pt atoms that do not participate in the cathode reaction for PtML/Au _ Pt/C, and to the presence of Ru, which has a much smaller atomic radius and gives a too much compressive strain to the Pt _ Pt bond, for Pt _ RuML/Au/C. Consequently the core-shell catalysts using Au-based cores have a trade-off between activity and durability, and therefore are not applicable for use in FCVs. The concept of Pt _ RuML/Au/C, however, may be used to develop Pt catalysts with a prolonged durability, while sacrificing the activity in other applications.
2. Pt/Pd/C Core-shell Catalysts
Pd nanoparticles supported on Ketjen Black (Pd/C, Ishifuku Kinzoku Metal Industry, Pd particle size: 4.2 nm, Pd loading: 30 %) were used as a core material, and PtML/Pd/C catalyst was prepared using the modified Cu-UPD method 24) . Thermogravimetry and XRF analyses revealed that a nearly monolayer of Pt (1.3 ML) was formed on the Pd cores. Potential cycling ADT results of Pd/C, Pt/C, and PtML/Pd/C at 80 , which is a normal operating temperature of PEFCs in FCVs, are shown in Fig. 7 . The ECSA of the Pd nanoparticles of the Pd/C cores was completely lost after 2000 cycles. The pristine Pd nanoparticles of the Pd/C cores were easily ionized owing to a lower oxidation potential of Pd, and completely dissolve into the acidic solution at 80 during ADT. However, just the presence of a monolayer of Pt greatly improved the durability of the PtML/Pd/C, and was almost comparable to that of Pt/C after 10,000 cycles even at a high temperature of 80 .
TEM images and the results of TEM-EDX line analysis of PtML/Pd/C before and after ADT at 80 are shown in Figs. 8 and 9 , respectively. Before ADT, the catalyst particles had rather angular shapes, the fact of which implies that Pt atoms were not uniformly deposited on Pd cores, though the average was nearly of 1 ML. After ADT, the particle shape changed from angular to spherical, and the average particle size slightly decreased from 4.9 to 4.0 nm. From the TEM-EDX analysis, the catalyst particles after ADT had a clear core-shell structure, but the thickness of the shell increased. XRF analysis revealed that 70 % of Pd was lost by dissolution of Pd ions into the solution. The loss of Pd was also indicated by the reduced Pd/Pt ratio at the center of the catalyst particle in the TEM-EDX line profile after ADT.
The variations of the mass activity of PtML/Pd/C before and after ADT at 80 are compared with those of Pt/C in Fig. 10 . The initial area-specific activity of PtML/Pd/C was lower than that of Pt/C, but the mass activity was 1.6 times higher owing to its high surface area (141 m 2 /g-Pt) as shown in Table 2 . The mass activity of Pt/C decreased after ADT because of the Ostwald ripening as mentioned earlier. On the other hand, the area-specific activity of PtML/Pd/C greatly enhanced to 2345 μA cm -2 after ADT, and the mass activity increased from 328 to 760 A g -1 , the latter of which was 3.8 times higher than the initial value of Pt/ C.
The mechanism for the enhanced activity of PtML/Pd/ C after ADT is schematically illustrated in Fig. 11 . The Pt shell of as-prepared PtML/Pd/C was not uniform as shown in the TEM image in Fig. 8 , and contained a large number of defects and Pt atoms with lower coordination numbers, which resulted in a lower area-specific activity than that of Pt/C 24), 25) . When the potential was high at 1.0 V during ADT, Pd atoms in the core dissolved as ions into the solution through the defects of the Pt shell, while the Pt atoms at the shell was oxidized to Pt _ O, which was stable on the surface. On the other hand, when the potential change to 0.6 V, the surface oxide Pt _ O was reduced to metallic Pt, and the Pt atoms at the shell were rearranged to form a thicker shell by surface diffusion. Simultaneously Pt atoms moved to stable sites, which decreased the number of Pt atoms with lower coordination numbers. Repeated dissolution of Pd and rearrangement of Pt atoms during ADT optimized the surface structure of the Pt shell spontaneously, and resulted in the observed drastic enhancement in area-specific activity. Such activity enhancement during ADT has not been reported for pure Pt and Pt _ M (M: Fe, Co, Ni, Cu, etc.) alloy catalysts, and therefore is a unique feature of the Pd-shell/Pt-core catalysts. After ADT, the thickness of the shell increased to 2 to 3 MLs as mentioned above. Though the Pt-shell thickening decreases the utilization of Pt atoms, it may give a positive effect on the durability of the Pt/Pd/C coreshell catalyst. We are now investigating the detailed mechanism for the observed activity enhancement by potential cycling to develop PtML/Pd/C catalyst with a higher activity for ORR.
Summary
In this review article, we overviewed a novel preparation method of PtML core-shell catalysts that are suitable for mass production, and the results on the activity and durability of the resulting core-shell catalysts. Although the initial activity for ORR was improved for PtML/Au/C catalysts, it has a poor durability owing to the dissolution of Pt atoms into the Au cores. Though the mitigation methods for the Pt dissolution were developed, there was a trade-off between the activity and the durability. The initial activity of PtML/Pd/C catalysts was comparable with that of PtML/Au/C, the activity drastically improved by potential cycling ADT. Therefore PtML/Pd/C is a promising candidate for highly active Pt-based catalysts for FCVs in the future. Focusing on this activity enhancement effects, we are currently developing pretreatment method of PtML/Pd/C to realize the catalyst with a much higher activity from its beginning of life. The core material Pd is also a noble metal and expensive; however, the high activity of PtML/Pd/C can reduce the usage and the cost of the total noble metals when compared with conventional Pt/C catalysts. In order to further reduce the cost of the catalyst, the use of base metals such as Cu and Ni as core materials is inevitable, and we are currently designing core materials containing base metals. As mentioned earlier, compatibility between activity and durability is important for practical use. Precise nano-structural controlling is needed to realize core-shell catalysts that employ base metals as core materials.
